Abstract-Cellular operators are continuously densifying their networks to cope with the ever-increasing capacity demand. Furthermore, an extreme densification phase for cellular networks is foreseen to fulfill the ambitious fifth generation (5G) performance requirements. Network densification improves spectrum utilization and network capacity by shrinking base stations' (BSs) footprints and reusing the same spectrum more frequently over the spatial domain. However, network densification also increases the handover (HO) rate, which may diminish the capacity gains for mobile users due to HO delays. In highly dense 5G cellular networks, HO delays may neutralize or even negate the gains offered by network densification. In this paper, we present an analytical paradigm, based on stochastic geometry, to quantify the effect of HO delay on the average user rate in cellular networks. To this end, we propose a flexible handover scheme to reduce HO delay in case of highly dense cellular networks. This scheme allows skipping the HO procedure with some BSs along users' trajectories. The performance evaluation and testing of this scheme for only single HO skipping shows considerable gains in many practical scenarios.
I. INTRODUCTION N ETWORK densification via base stations (BSs) deployment has always been a viable solution for cellular operators to cope with the increasing capacity demand. It is also expected that cellular operators will rely on network densification to fulfill a big chunk of the ambitious 5G requirements [1] , [2] . Network densification can be achieved by deploying different types of BSs (e.g., macro, micro, pico, and femto) according to the performance, time, and cost tradeoffs [3] . Deploying more BSs decreases the service area (also referred to as the footprint) of each BS, which improves the spatial spectral utilization and network capacity. However, the network densification gains come at the expense of increasing the handover rate for mobile users.
Handover (HO) is the procedure of changing the association of mobile users from one BS to another to maintain their connection to their best serving BS. According to the network objective (e.g., best signal strength, equal BSs' load, low service delay, etc), different association strategies may be defined to determine the best serving BS [4] , [5] . In all cases, HO is employed to update users' association with mobility to satisfy the defined network objective along their path. The HO procedure involves signaling overhead between the mobile user, the serving BS, the target BS, and the core network elements, which consumes resources and introduces delay. Note that the HO rate increases with the intensity of BSs, which imposes higher delays and negatively affects the mobile user's throughput. In the case of highly dense cellular networks, the HO delay may become a performance limiting parameter that may neutralize or even negate the gains offered by network densification. Therefore, the HO delay should be carefully incorporated into the design of dense cellular networks to visualize and mitigate its effect. In particular, novel HO strategies are required to reduce the HO delay in order to harvest the foreseen network densification gains.
In order to draw rigorous conclusions on the HO effect and design efficient HO schemes, mathematical paradigms that incorporate the effect of HO delay into the network key performance indicators are required. In this regards, recent advances in modeling cellular networks using stochastic geometry can be exploited to develop such mathematical frameworks. Stochastic geometry has succeeded in providing a systematic analytical paradigm to model and design cellular networks [5] [6] [7] [8] [9] , see [10] for a survey. In stochastic geometry analysis, the network is abstracted to a convenient point process that maintains a balance between practicality and tractability. The Poisson point process (PPP) is well understood and widely accepted due to its tractability and simplicity. Stochastic geometry with BSs modeled as a PPP has enriched the literature with valuable results that enhanced our understanding of the cellular network behavior. For instance, the PPP assumption is reinforced by several experimental studies [6] [7] [8] . Coverage probability and ergodic capacity are studied in [5] , [6] for downlink cellular networks and in [11] for uplink cellular networks. Symbol error probability and bit error probability for cellular networks are investigated in [12] [13] [14] . Cellular networks with D2D communication is characterized in [15] , [16] . However, the effect of HO delay on the performance of dense cellular networks has been overlooked.
A. Contribution
In this paper, we study the effect of HO delay on the user average rate in dense cellular network environments. In particular, we develop a mathematical paradigm, based on stochastic geometry, that incorporates the HO delay into the rate analysis. It is worth noting that the signal-to-interference-plus-noiseratio (SINR) dependent expressions are derived based on the stationary PPP analysis. However, we show by simulation that the stationary expressions capture the SINR performance of mobile users almost exactly. This implies that averaging over all users' trajectories in all network realizations is equivalent to averaging over all users locations in all network realizations. To this end, the results manifest the prominent negative effect of HO delay on the rate at high intensities of BSs.
Therefore, we propose a flexible HO scheme denoted as HO skipping, which allows users to skip associating with some of the BSs along their trajectories to reduce the HO delays. That is, a user can sacrifice being always best connected to decrease the HO delay and improve the long-term average rate. In this paper, we will consider a single HO skipping scheme in which a user, connected to its best serving BS, skips associating to only one subsequent best serving BS on its trajectory and must then reconnect to the following one. This pattern is repeated along the user's trajectory such that it alternates between connecting to its best serving BS and skipping the following one (cf. Fig. 1 and Fig. 2) .
For both the conventional HO and single HO skipping schemes, we derive expressions for the coverage probability and average throughput. The results show that, although BS skipping reduces the average coverage probability of mobile users, it improves their long-term average rate at high speeds and/or high network densities. The developed model can be used to decide the threshold at which BS skipping is beneficial and quantify the associated performance gains.
It is important to note that this work focuses on a single tier cellular network and a single HO skipping scheme. The case of multi-tier cellular networks and multiple HO skipping rules will be the subject of future work.
II. SYSTEM MODEL
In this article, we consider a single-tier downlink cellular network in which the BSs' locations are abstracted via a two dimensional PPP of intensity . All BSs are assumed to transmit with the same effective isotropic radiated power (EIRP) denoted by P . A general power-law path loss model with path loss exponent ⌘ > 2 is considered. In addition to the path-loss, transmitted signals experience multi-path fading. We assume a Rayleigh fading environment such that the channel power gains have independent exponential distributions. The users associate according to the well-known radio signal strength (RSS) association rules. In the depicted single-tier case, the best RSS association boils down to the nearest BS The analysis is conducted on a test mobile user 1 which is moving on an arbitrary trajectory with velocity v. We ignore HO failures due to blocking and focus on the coverage probability (defined as the probability that the SINR exceeds a certain threshold T ) and the ergodic rate (defined by Shannon's capacity formula). That is, we assume that all BSs can assign a channel to the test user when this user passes within its coverage range. Furthermore, when the test user is assigned to a certain channel from a generic BS, we assume that all other BSs across the spatial domain are reusing the same channel.
Due to the HO procedure, a delay time d is imposed on the test user, at which no useful data is transmitted to it. The delay d represents the time spent in HO signaling between the serving BS, target BS, and core network elements. It is important to note that the delay d may depend on the type of BSs. For instance, the HO delay is small in macro BSs, which are microwave or optically backhauled to the core network. In contrast, the delay d may be more significant in the case of internet protocol (IP) backhauled small BSs (i.e., pico or femto) [18] .
In the conventional HO case, the test user maintains the best connectivity throughout its trajectory. Hence, when the test user passes by a certain voronoi cell, it connects to the BS in the center of that voronoi cell. This implies that P r ⌘ 0 > Pr ⌘ i , 8i 6 = 0 is always satisfied, where r 0 and r i denote the distances from the test user to the serving and i th interfering BSs, respectively. We propose the skipping HO scheme, where the test user skip associating to one BS after every HO execution. This implies that P r ⌘ 0 > P r ⌘ i , 8i 6 = 0 is satisfied for 50% of the time and P r
is satisfied for the rest of the time, where r 1 denotes the distance from the test user to the skipped BS when it passes within the voronoi cell of the skipped BS. Thus, in the skipping mode, the user alternates between the blackout and best connected state along its trajectory. Here, we denote the event at which the test user is located within the voronoi cell of a skipped BS as blackout event. Fig. 1 shows the best connected and blackout events. Fig. 2 depicts the conventional (green dotted line) and skipping (blue line) HO schemes for the red trajectory.
III. SERVICE DISTANCE DISTRIBUTION
The first step in the analysis is to characterize the service distance in the best connected and blackout cases. Note that the service distance is random due to the irregular network topology along with user mobility. It is important to characterize the service distance as it highly affects the SINR. Particularly, when the user is best connected, the RSS association creates an interference protection of radius r 0 around the user. In the blackout case, the user keeps its association with the same BS when it enters the voronoi cell of another BS. Hence, the skipped BS is closer to the user than its serving BS (i.e., r 1 < r 0 ). In other words, the skipped BS is located within the radius r 0 and every other interfering BS is located outside r 0 . Note that, in the blackout case, r 1 and r 0 are correlated since r 1 < r 0 . The distribution of serving BS in the best connected case and the joint distribution of the distances from the test user to the skipped and serving BS in the blackout case are characterized via the following lemma:
Lemma 1: In a single tier cellular network with intensity , the distance distribution between a best connected user and its serving BS is given by:
and the joint distance distribution between a user in blackout and its serving and skipped BSs is given by:
Proof: The PDF f (c) r0 (.) is obtained from the null probability of PPP as in [6] . The joint PDF f (bk) r0,r1 (., (2) is obtained.
The marginal and conditional service distance distributions for the blackout case are characterized by the following corollary:
Corollary 1: The marginal PDF of the distance between the test user and its serving BS in the blackout case is given by:
where r 0 represents the distance between the test user and its serving BS, which is the second nearest BS in the blackout case.
The conditional (i.e., conditioning on r 0 ) PDF of the distance between the test user and the skipped BS in the blackout case is given by:
Proof: The marginal PDF of r 0 is obtained by integrating (2) with respect to (w.r.t.) y from 0 to r 0 while the conditional PDF of r 1 is obtained by dividing (2) by the marginal distribution of r 0 , which is given in (3).
IV. COVERAGE PROBABILITY
The coverage probability is defined as the probability that the test user can achieve a specified SINR threshold T . For the best connected case, the coverage probability is given by
where b 0 is the serving BS. In the blackout case, the coverage probability is given by
where b 0 and b 1 are the serving and the skipped BSs, respectively. Following [10] , conditioning on r 0 and exploiting the exponential distribution of h 0 , the conditional coverage probability in the best connected case can be represented as:
where I r is the interference from BSs located outside r 0 . Similarly, the conditional coverage probability in the blackout case can be represented as:
where I 1 is the interference from the skipped BS and I r is the interference from BSs located outside r 0 . The conditional (i.e., conditioning on r 0 ) Laplace transforms (LTs) of I r and I 1 are characterized via the following Lemma Lemma 2: The Laplace transform of I r for the best connected and blackout cases is given by:
where
The Laplace transform of I 1 in the blackout case is given by:
Proof: See Appendix A. In the special case when ⌘ = 4, which is a common pathloss exponent for outdoor environments, the LTs in Lemma 2 can be represented in a closed form as shown in the following corollary.
Corollary 2: For the special case of ⌘ = 4, the LT in (7) reduces to
and the LT in (8) reduces to
Using (5), (6) , and Lemma (2) the following theorem for coverage probability is obtained. Theorem 1: Considering a PPP cellular network with BS intensity in a Rayleigh fading environment, the coverage probability for the best connected and blackout users can be expressed by (11) and (12) respectively. For ⌘ = 4, (11) and (12) reduce to
Proof: We prove the theorem by substituting the LTs from Lemma 2 and Corollary 2 in the conditional coverage probabilities in (5) and (6), then integrating over the PDF of the service distances given in Lemma 1 and Corollary 1.
In the blackout case, the interference from the skipped BS (i.e., I 1 ) may be overwhelming to the SINR. Hence, interference cancellation techniques could be employed to improve the coverage probability. In this case, the interfering signal from the skipped BS is detected, demodulated, decoded and then subtracted from the received signal [19] . In this case, the coverage probability for blackout user is given by the following theorem.
Theorem 2: Considering a PPP cellular network with BS intensity in a Rayleigh fading environment, the coverage probability for blackout users with interference cancellation capabilities can be expressed as
where #(T ,⌘) is defined in Lemma 2. For the case of ⌘ = 4, (15) reduces to
Proof: The theorem is obtained using the same methodology for obtaining (14) but with eliminating I 1 from (6).
The coverage probability plots for best connected and blackout cases with and without nearest BS interference cancellation (IC) are shown in Fig 3. It can be observed that the simulation results (which are obtained for mobile users) are in accordance with the analysis which validates our model. The figure shows the cost of skipping in terms of coverage probability degradation. Note that the users in the BS skipping scheme alternate between the blackout and best connected cases as we allow for only one BS skipping in this paper. Hence, a user in the skipping model would spent 50% of the time with the blackout coverage and 50% of the time in best connected coverage. The figure also shows that interference cancellation highly improves the SINR when compared to the blackout case without interference cancellation. Note that, although the expressions in Theorems 1 and 2 are obtained using stationary PPP analysis, they totally conform with the simulations done with mobile users almost exactly, which justifies the aforementioned claim in Section I. In the next section, we derive the effect of BS skipping on the user rate.
V. HANDOVER COST In this section, we encompass user mobility effect and compute handover rates for both conventional and skipping schemes. The handover rates are then used to quantify the handover delay per unit time D HO (i.e., time consumed in HO per time unit). D HO can be expressed as a function of HO rate (HOR) and HO delay d as shown below
Following [9] , the HO rate in a single tier network can be expressed as
Consequently, the handover delay D HO for both conventional and skipping cases can be expressed as
where D
(c)
HO and D
(sk)
HO are the HO cost for conventional and skipping cases respectively. Note that the handover cost for the skipping case is half of the conventional case because the user skip half of the handovers across the trajectory. Assuming HO delay of 0.7 seconds for macro BSs and 2 seconds for IP-backhauled small cells [20] , we plot the handover cost in Fig. 4. VI. AVERAGE THROUGHPUT In this section, we derive an expression for average throughput for HO skipping case. In order to calculate the throughput, we need to omit control overhead. We assume that the control overhead consumes a fraction u c of overall network capacity which is 0.3 as per 3GPP Release 11 [21] . Thus, the average throughput (AT) can be expressed as
where W is the overall bandwidth of the channel and R is the average spectral efficiency (i.e., nats/sec/Hz). Following [10] , the average spectral efficiency can expressed in terms of the coverage probability as where (a) follows because ln(1+SIN R) is a positive random variable and (b) follows by the change of variables t = e z 1 [22] . For brevity, we do not show expressions for R for general ⌘ as they can be directly obtained by substituting the coverage probability from Theorem 1 and Theorem 2 in (22) . In the special case of ⌘ = 4, the average spectral efficiency for the conventional and blackout cases are given by
' 1.49 nats/sec/Hz and In HO skipping case, the user alternate between the best connection and blackout case along its trajectory. More particularly, the user in HO skipping spent 50% of the time as blackout user and 50% of the time as best connected user. Hence, the average spectral efficiency for users in HO skipping is given by 
VIII. CONCLUSION
This paper presents a study for the effect of HO delays on the user average rate in single-tier dense cellular networks using tools from stochastic geometry. A single HO skipping scheme is proposed to reduce the negative effect of this delay. Tractable mathematical expressions for the coverage probabilities and average throughput for both the conventional HO and HO skipping scenarios are derived, which reduce to closed-forms in some special cases. Our mathematical paradigm and numerical results demonstrate the merits of the proposed HO skipping strategy in many practical scenarios. This new HO strategy enhances the Quality of Service (QOS) for service providers and helps them to offer a better service experience to both voice and data subscribers.
For future work, we will extend the study and suggest HO skipping solutions to multi-tier cellular networks. We will also evaluate the performance of multiple HO skipping and optimize number of skipped BSs to maximize the average rate performance. Assuming P i = P , 8i and using probability generating functional (PGFL) for PPP [23] , we get: 
